The Normalized Difference Snow Index (NDSI) is an effective index for snow-cover mapping at large scales, but in forested regions the identification accuracy for snow using the NDSI is low because of forest cover effects. In this study, typical evergreen coniferous forest zones on Qilian Mountain in the Upper Heihe River Basin (UHRB) were chosen as example regions. By analyzing the spectral signature of snow-covered and snow-free evergreen coniferous forests with Landsat Operational Land Imager (OLI) data, a novel spectral band ratio using near-infrared (NIR) and shortwave infrared (SWIR) bands, defined as (ρ nir´ρswir )/(ρ nir + ρ swir ), is proposed. Our research shows that this band ratio, named the normalized difference forest snow index (NDFSI), can be used to effectively distinguish snow-covered evergreen coniferous forests from snow-free evergreen coniferous forests in UHRB.
Introduction
Snow plays an important role for regional climate change, the quality of the environment, and the daily lives of humans. Estimates of snow-covered areas and the snow depth/water equivalent are important parameters for regional climate change studies, agriculture, and water resource management. Improving techniques for global and regional snow-cover mapping will benefit both environmental interests and hydrological research [1] [2] [3] . However, traditional in situ measurements provide snow observations for limited areas only [4] . Over the past several decades, satellite remote sensing has been widely used for monitoring snow cover because it enables observations of large and remote areas [5] [6] [7] [8] [9] .
Among these remote sensing techniques, microwave images are difficult to interpret, and their low spatial resolution makes passive microwave sensors suitable primarily for global snow monitoring [10] . Optical images, on the other hand, can provide accurate snow-cover estimates in cloud-free situations [11] . Snow-cover mapping methods based on optical images include unsupervised and supervised classification algorithms [12] , spectral mixture analysis [13] , and the MODIS snow-mapping algorithm [14] .
In general, the accuracy of snow-cover mapping methods is significantly higher in non-forested areas than in forested areas. Trees increase the complexity of a scene by masking snow on the ground and influencing the satellite-measured radiance. The forest canopy impairs the detection of snow underneath and remote sensing methods consequently tend to underestimate the snow coverage [15] [16] [17] .
Study Area and Data

Study Area
The UHRB is located between 37.6˝N-39.1˝N and 98.7˝E-101.2˝E, covering an area of about 10,009 km 2 with altitudes ranging from 1674 m to 5108 m. Temporary snow usually exists below 2700 m, patchy snowpack is found between 2700 and 3400 m, and perennial snowpack exists above 3400 m [24] . Figure 1a shows the study area and study sites. There is a large number of dense evergreen coniferous forests (Qinghai spruce) growing on the shaded and semi-shaded slopes at altitudes from 2700 m to 3300 m in the UHRB [25] . Evergreen coniferous forests are the typical forests in the mountains of northwestern China, and they are widely distributed on Qilian Mountain of the UHRB. The forests are covered with patchy snow during the winter season. Figure 1b is a photograph of one portion of the study sites.
Remote Sens. 2015, 7 page-page 2 The Normalized Difference Snow Index (NDSI) is widely used for snow-cover mapping at large scales [18] . However, research has shown that when the underlying surface consists of vegetation, especially dense forest, applying the NDSI to identify snow leads to low accuracy [19] . In recent years, additional mapping methods for snow-covered forests have been developed. Vikhamar and Solberg in Norway used a linear spectral mixture model, which includes end members for snow, conifers, braches of leafless deciduous trees, and snow-free ground to calculate fractional snow cover [10] . However, this model needs in situ reflectance measurements, surface area proportions, and the individual tree species as input factors. Metsämäki et al. proposed the SCAmod algorithm for fractional snow-cover mapping of boreal forests [20] . This method is based on a semi-empirical reflectance model, and the model essentially depends on the apparent forest transmittance, which must be determined in advance for each unit area. Wang et al. presented a method to retrieve snow information for the coniferous forests of Tianshan Mountain using Multi-angle Imaging SpectroRadiometer (MISR) data [21] . Their results indicate that multi-angle remote sensing has the potential to address snow-mapping problems in forested areas, but lacks quantitative analysis.
The Heihe River Basin (HRB; see Section 2) is a typical inland river basin in an arid area of western China. The Upper HRB (UHRB) is rich in water resources in the form of snow, which represents the majority of the water resources for the entire HRB [22] . A slight change in snow cover in the UHRB would greatly affect the water budget of the Heihe River, thus triggering a chain reaction that would affect agriculture and vegetation in the entire basin area [23] . So, the accuracy of snow-cover mapping is very important to the Heihe River hydrological process.
The objective of this work is to improve the accuracy of snow-cover estimates for the forests of the UHRB. To this end, we present a simplified reflectance model suitable for snow-cover mapping in evergreen coniferous forests. The study area and the data are described in Section 2. The methodology is presented in Section 3. The experiment and verification are in Section 4. The discussion is in Section 5. Finally, the conclusion of this study is summarized in Section 6.
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Study Area
The UHRB is located between 37.6°N-39.1°N and 98.7°E-101.2°E, covering an area of about 10,009 km 2 with altitudes ranging from 1674 m to 5108 m. Temporary snow usually exists below 2700 m, patchy snowpack is found between 2700 and 3400 m, and perennial snowpack exists above 3400 m [24] . Figure 1a shows the study area and study sites. There is a large number of dense evergreen coniferous forests (Qinghai spruce) growing on the shaded and semi-shaded slopes at altitudes from 2700 m to 3300 m in the UHRB [25] . Evergreen coniferous forests are the typical forests in the mountains of northwestern China, and they are widely distributed on Qilian Mountain of the UHRB. The forests are covered with patchy snow during the winter season. Figure 1b 
Data
Landsat OLI Images
In order to conduct highly accurate snow-cover mapping at the basin scale, Landsat OLI images were chosen for this study. The OLI is mounted on the Landsat 8 satellite, which was launched on 12 February 2013. Table 1 summarizes the available bands and band wavelength ranges. The purpose of this study was to find an effective snow-cover mapping method for forests. The HRB classification map in Figure 2 shows the forested regions of the basin with a resolution of 30 m (Figure 2c ) [26] . Digital elevation data were used to create a three-dimensional (3D) surface view showing the snow extraction result. A high-resolution GF-1 PMS image was used to verify the accuracy of the snow extraction. Figure 2 shows one of the study sites. 
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In order to conduct highly accurate snow-cover mapping at the basin scale, Landsat OLI images were chosen for this study. The OLI is mounted on the Landsat 8 satellite, which was launched on 12 February 2013. Table 1 summarizes the available bands and band wavelength ranges. 
Ancillary Data
The purpose of this study was to find an effective snow-cover mapping method for forests. The HRB classification map in Figure 2 shows the forested regions of the basin with a resolution of 30 m (Figure 2c ) [26] . Digital elevation data were used to create a three-dimensional (3D) surface view showing the snow extraction result. A high-resolution GF-1 PMS image was used to verify the accuracy of the snow extraction. Figure 2 shows one of the study sites. 
Methodology
Optical Properties of Snow
The underlying idea of using optical sensors to map snow is that snow has a distinctive spectral signature. Its reflectance is very high in the visible wavelengths, drops steeply in SWIR, and remains low for longer wavelengths [27] . Therefore, the normalized difference between green and SWIR reflectance, called NDSI, is widely used for characterizing snow. For Landsat 8 OLI, NDSI is defined as
Optical Properties of Snow-Covered Forest
In forests, as trees obscure snow on the ground surface, the spectrum acquired by the sensor is a mixed spectrum that includes snow, canopy, and snow-free ground (if the ground is not fully covered by snow). We only tried to find the spectral difference between snow-covered and snow-free forests in the Landsat OLI images, without considering the complexity of the terrain, the density of the forest, or other factors. Some sample points of snow and snow-covered forest are chosen in Figure 2b . Figure 3a shows the spectral signature of these points. The figure shows that, because of the forest effect, the visible reflectance of snow-covered forest is not as high as that of snow. Accordingly, it can be inferred that the NDSI, which is based on the spectral properties of snow, is not an effective index to extract snow information from forested areas. 
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Optical Properties of Snow-Covered Forest
Differences in Optical Properties between Snow-Free and Snow-Covered Forest
The key problem in extracting snow information from forests using optical sensors is to find the differences in optical properties between snow-free and snow-covered forest. We chose the sample points in Figure 2a as "snow-free forest", which represent the same locations as the "snow-covered forest" sample points chosen in Figure 2b . Figure 3b shows their spectral signature. There are obvious differences between the two images. The reflectance of snow-covered forest in the visible and nearinfrared wavelengths is higher than that of the snow-free forest, while the reflectance in the SWIR2 and SWIR3 bands is lower than that of the snow-free forest. In this study, we chose cloud-free images of high quality, and the original images underwent atmospheric correction. Therefore, we believe that the observed changes in the spectral response of the forest are caused by the snow. The spectrum of snow-covered forest consists of a mixed spectrum of snow and forest canopy, in which the high reflectance of snow in the visible and near-infrared wavelengths enhances the reflectance of the forest in the corresponding bands, and the reflectance in the SWIR band is decreased because of the low reflectance of snow.
According to the above analysis, snow can change the spectral signature of forest, and it is possible to separate snow-covered from snow-free forest.
The Normalized Difference Forest Snow Index
In forested areas, the reflectance in the visible spectrum is low even though there is snow on the ground. However, the reflectance in the near-infrared spectrum is high, and will be higher if there is 
Differences in Optical Properties between Snow-Free and Snow-Covered Forest
The key problem in extracting snow information from forests using optical sensors is to find the differences in optical properties between snow-free and snow-covered forest. We chose the sample points in Figure 2a as "snow-free forest", which represent the same locations as the "snow-covered forest" sample points chosen in Figure 2b . Figure 3b shows their spectral signature. There are obvious differences between the two images. The reflectance of snow-covered forest in the visible and near-infrared wavelengths is higher than that of the snow-free forest, while the reflectance in the SWIR2 and SWIR3 bands is lower than that of the snow-free forest. In this study, we chose cloud-free images of high quality, and the original images underwent atmospheric correction. Therefore, we believe that the observed changes in the spectral response of the forest are caused by the snow. The spectrum of snow-covered forest consists of a mixed spectrum of snow and forest canopy, in which the high reflectance of snow in the visible and near-infrared wavelengths enhances the reflectance of the forest in the corresponding bands, and the reflectance in the SWIR band is decreased because of the low reflectance of snow.
The Normalized Difference Forest Snow Index
In forested areas, the reflectance in the visible spectrum is low even though there is snow on the ground. However, the reflectance in the near-infrared spectrum is high, and will be higher if there is snow in the forest. Therefore, we propose a new spectral band ratio with bands NIR and SWIR, as shown in Equation (2), called the Normalized Difference Forest Snow Index (NDFSI).
The statistical results for NDFSI and NDSI of the sample points in Figure 2b , which represent snow-covered forest, are shown in Figure 4a . The figure shows that, for snow-covered forest, the NDSI values vary from 0 to 0.9 with significant variance (0.19). This is because of the low reflectance of snow-covered forests in the visible spectrum, which causes the NDSI to be more easily affected by noise. Therefore, the NDSI it is not a good index for identifying snow in forested areas. On the other hand, the distribution of the NDFSI values for snow-covered forest varies within a smaller range (0.4-0.65) and shows less variance (0.05).
For snow-free forest, the NDFSI value is clearly lower than that of snow-covered forest, as shown in Figure 4b . Therefore, we believe that the new NDFSI index is effective for snow identification in forested areas.
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For snow-free forest, the NDFSI value is clearly lower than that of snow-covered forest, as shown in Figure 4b . Therefore, we believe that the new NDFSI index is effective for snow identification in forested areas. 
Experiment and Verification
Snow Extraction
To test the effectiveness of this new index, we chose another study site in our study area as shown in Figure 5a . Figure 5b is the OLI false color composite image, Figure 5c is the classification map, and Figure 5d shows forested areas in green.
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To test the effectiveness of this new index, we chose another study site in our study area as shown in Figure 5a . Figure 5b is the OLI false color composite image, Figure 5c is the classification map, and Figure 5d shows forested areas in green. To extract snow information, the traditional NDSI was used in non-forested areas with a threshold value set to 0.4, according to the research by Hao et al. [28] . In forested areas, the NDFSI was used to identify snow with the NDFSI threshold value also set to 0.4, based on the statistical results. Figure 6a shows the snow extraction results and Figure 6b is a 3D representation of the snow distribution. In Figure 6 , white areas represent non-forested areas with snow, black areas are non-forested areas without snow, yellow areas are forests with snow, and green areas are forests without snow. To extract snow information, the traditional NDSI was used in non-forested areas with a threshold value set to 0.4, according to the research by Hao et al. [28] . In forested areas, the NDFSI was used to identify snow with the NDFSI threshold value also set to 0.4, based on the statistical results. Figure 6a shows the snow extraction results and Figure 6b is a 3D representation of the snow distribution. In Figure 6 , white areas represent non-forested areas with snow, black areas are non-forested areas without snow, yellow areas are forests with snow, and green areas are forests without snow. 
Accuracy Assessment
Subjective Assessment
It can be seen from Figure 6 that most of the forested area is covered with snow and that some of the forest edge is without snow. It is known that snow at the edge of a forest usually melts earlier than snow in the middle of a forest. Therefore, our result is consistent with the snow distribution in nature.
Objective Assessment
Without concurrent field investigations, the accuracy of forest snow extraction was assessed using a high-resolution GF-1 image, which was acquired at the same time as the OLI image used in this study. Figure 7 is a GF-1 image of the study area.
In the GF-1 image of our study area, the presence of snow in the forest can be easily identified. Consequently, it is easy to distinguish snow-covered and snow-free forest in the GF-1 image of our study area. In the forested area, the accuracy evaluation of the snow extraction (the snow extraction result is shown in Figure 6 ) is performed in ENVI 5.1. Some sample points of snow-covered and snow-free forest in the GF-1 image are chosen randomly as the ground truth Region Of Interest (ROIs). The snow extraction result is compared with these ROIs, and the identification accuracy for snow can be acquired. In our experiment, the overall accuracy of snow extraction in forested areas is 93.92%.
To contrast the effectiveness of snow extraction in forested areas using NDSI and NDFSI, we tried to extract snow information using NDSI both in forested and non-forested areas. Figure 8 shows the snow extraction result with different NDSI threshold values. In Figure 8a ,b, the respective NDSI threshold values are 0.4 and 0.3. We can see that it is difficult to identify snow in forested areas using NDSI, even when its threshold value is decreased. 
Accuracy Assessment
Subjective Assessment
Objective Assessment
Discussion
Forest represents a challenging problem for snow-cover mapping by optical satellite remote sensing. In forested areas, the identification accuracy for snow using NDSI is low. Vikhamar and Solberg proposed a method for subpixel mapping of snow cover in forests [10] , and it was tested in flat terrain covered by spruce, pine and birch forests, close to the Jotunheimen region of south Norway. This method is based on linear spectral mixing modeling of snow, trees and snow-free ground, and therefore, in situ reflectance measurements, surface area proportions, and the individual tree species are necessary input factors. Metsämäki et al. proposed the SCAmod algorithm for fractional snow-cover mapping of boreal forests, and applied this model to NOAA/AVHRR data in drainage basins of Finland [20] . Wang et al. presented a method to retrieve snow information for the coniferous forests of Tianshan Mountain using MISR data [21] .
The snow-cover mapping methods mentioned above are performed for different forest types in different study areas, and the low resolution data such as NOAA/AVHRR and MISR cannot meet the need of hydrological research on the basin scale. In order to improve the accuracy of snow extraction in the forested areas in the UHRB, a typical evergreen coniferous forest region in the UHRB is chosen as the study site. By analyzing the spectral difference between snow-covered and snow-free forests in OLI data, a new band ratio named NDFSI is proposed. In our study areas, the snow in evergreen coniferous forests can be identified effectively using NDFSI and the accuracy is satisfactory.
In this study, the methodology is only tested for the evergreen coniferous forests (Qinghai spruce) in the UHRB. In order to confirm the validity of NDFSI, more study sites are needed to perform more careful statistical analysis. Factors that affect the value of NDFSI should be discussed in the future.
Conclusions
Snow in the UHRB is the major water resource for the entire HRB. Snow distribution in the UHRB is an important factor in Heihe River hydrological research. Evergreen coniferous forests are widely distributed on Qilian Mountain of the UHRB, and it is challenging but necessary to extract snow information with high accuracy in these areas.
The typical evergreen coniferous forest region in the UHRB is chosen as study site. By analyzing the spectral signature of snow, snow-free forest and snow-covered forest in the study site with Landsat OLI data, the following conclusions are derived.
(1)
For the effect of forest canopy, the visible reflectance of snow-covered forest is much lower than that of snow (as shown in Figure 3a ). It is difficult to extract snow in forested areas using NDSI, as most snow in forest cannot be identified even if the threshold value of NDSI is decreased (as shown in Figure 8) . (2) Compared with snow-free forest, snow-covered forest has a higher NIR reflectance and lower SWIR reflectance (as shown in Figure 3b ), and these changes in the spectral response maybe caused by the snow underneath the forest. (3) For snow-covered forest, the NDFSI, which is defined as (ρ nir´ρswir )/(ρ nir + ρ swir ), distributes with less variance than NDSI (as shown in Figure 4a ). (4) For snow-covered forest, the NDFSI value is clearly higher than that of snow-free forest (as shown in Figure 4b ). (5) NDFSI is an effective index for snow-cover mapping in evergreen coniferous forests of our study site. The high accuracy of snow extraction is verified using GF-1 image.
In this study, the method is only tested for the evergreen coniferous forests (Qinghai spruce) in the UHRB. Some other test sites are needed to confirm its effectivity. Furthermore, future research will focus on factors affecting the NDFSI.
